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METHOD AND DEVICE FOR CONDITION
MONITORING

CROSS-REFERENCES TO RELAT
APPLICATIONS

T
w

This application claims the benefit of the U.S. Provisional
Application No. 61/491,407, filed on May 31, 2011, and of

the German patent application No. 102011 076 780.0 filed on
May 31, 2011, and the International Patent Application No.

PCT/EP2012/060182, filed May 30, 2012, the entire disclo-
sures ol which are incorporated herein by way of reference.

FIELD OF THE INVENTION

The present mnvention relates to a computer-implemented
method and to a device for the condition monitoring of a

component or system, in particular ol a component or system
for an aircrait or spacecraft. The present invention also relates
to a computer program product.

BACKGROUND OF THE

INVENTION

The concept of condition monitoring 1s based on a routine
or permanent detection of the condition of a machine. The
purpose of condition monitoring 1s on the one hand to
increase safety and on the other to increase etficiency. During
the condition monitoring of a system or the components
thereot, the behaviour of the machine structure 1s the signal
source. A change occurring in the characteristics of the
machine structure caused, for example, by the wear of com-
ponents, 1s an event to be detected by the machine monitoring,
procedure. Monitoring takes place by the measurement and
analysis of significant physical variables, such as oscillations,
temperatures, etc. Condition monitoring consists of a plural-
ity ol sub-steps:

detection of the condition comprises the measurement and
documentation of system parameters which reflect the
current condition of the respective system or compo-
nents thereof.

Comparison of the condition 1s the comparison between
the actual condition and a predetermined reference
value. This reference value can be a desired value to be
observed as well as a limiting value which 1s not to be
exceeded.

Diagnosis: based on the results of the condition compari-
son, 1t 1s possible for errors which may be present to be
localised as early as possible and for the causes thereof
to be determined 1n order to be able to plan necessary
maintenance measures in good time.

Although the present invention and the problem it
addresses can be applied 1n principle to any methods for
condition monitoring, they will be described 1n the following
with respect to a method and a device for condition monitor-
ing for use i an aircrait or spacecrait. In particular, the
present invention will be described 1n the following with
respect to condition monitoring on the basis of oscillations
measured on a component or system of an aircratt.

DE 10 2006 031 009 B4 describes a method and a device
for monitoring the condition of structural components of an
aircraft. The condition monitoring described therein 1s based
on the optical examination of structural components and on
the computer-assisted comparison of the recorded image with
a relerence 1mage. It 1s thereby possible for the appearance of
the structural components to be monitored. It 1s not possible
to monitor the function of systems and components of an
aircraft using this type of optical condition monitoring.
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In the case of aircrait, particularly passenger aircrait, for
safety reasons alone 1t 1s necessary to constantly observe

fixedly predetermined maintenance intervals, within which
aircraft components and systems have to be examined, main-
taimned and repaired. These intervals are fixed to ensure that
the respective components and systems are adequately safe
and capable of operating until the next maintenance interval.

For this reason, the corresponding maintenance intervals are
selected to be su1tably generous, typically with a time buller.

However, it 1s a problem that with this approach, systems of
an aircrait are sometimes also maintained although, for
example, they are still fully operational and 1n fact there 1s no
need for them to be maintained. Thus, 1t 1s easily understood
that as a result, due to the unnecessary maintenance which 1s
st1ll carried out because the actual conditions are unknown,
additional costs are incurred.

In addition, for example 1n the case of passenger aircratt,
the periods of time allocated for maintenance work are very
short. This work 1s usually carried out during the immobili-
sation times of the aircraft between the arrival of an aircrait at
the terminal and the departure from the terminal, for which
there 1s generally only a short period of time available of
about 90 minutes. Therefore, 1n this respect, 1t 1s desirable to
collect relevant information in advance about the condition of
a system or component 1n the aircratt.

The air conditioning, which 1s generally also known as
HVAC (heat, ventilating and air conditioning) 1s particularly
significant 1n an aircrait in respect ol functionality and of
passenger comiort. On the one hand, the air conditioning 1s to
supply the passengers 1n an aircrait with fresh, temperature-
controlled air and to cool the electronic systems. For this
purpose, the air-conditioning system uses recirculation fans
and filters to be able to circulate the air 1n the cabin and to
clean 1t. However, the filters which are used can become
blocked over time, corresponding supply lines can become
soiled and the fan can become faulty, for example, due to the
clectric motors failing or to the blades of the fan breaking, for
example. It 1s a problem that 1t 1s very difficult to predict the
blocking of the filters in particular, because this always
depends on the surroundings of the respective filters and on
the region of use. Therefore, this means that these filters are
checked very often 1n situ, which mvolves additional exami-
nation times during the immobilisation times of the aircrafit.

This 1s a situation which 1s understandably to be avoided.

SUMMARY OF THE INVENTION

Against this background, an 1dea of the present invention 1s
to be able to provide an improved condition monitoring for a
component or system, particularly when used 1n an aircraft or
spacecrait.

Accordingly, there 1s provided:

a computer-implemented method for the condition moni-
toring of a component or system, particularly a compo-
nent or system for an aircraft or spacecrait, comprising;:
provision of an optimised decision tree, the nodes of
which contain attributes of a respective input vector, the
leaves of which each contain a classification function
and the connections of which between the nodes of the
decision tree are weighted; provision of an iput vector
which 1s derived from a data signal; implementation of a
condition monitoring in which the condition of the com-
ponent or system 1s determined using the weighted deci-
sion tree and on the basis of the mput vector, in that 1n
addition to an 1tem of information concerning which of
the classification functions of the decision tree best cor-
responds to the input vector, an additional 1tem of infor-
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mation concerning the probability with which the other
classes of the decision tree correspond to the examined
input vector 1s calculated and output.

a device for the condition monitoring of a component or
system, 1n particular using a method according to the
invention, comprising a measuring device which 1s con-
figured to measure a measurable physical variable at the
component or system in order to generate a time-depen-
dent sequence of data points; a memory 1n which at least
one time-dependent sequence ol data points can be
stored; a logic-arithmetic and evaluation device which 1s
configured to generate an optimised decision tree using
at least one of the time-dependent sequences of data
points and to carry out a condition monitoring using the
decision tree produced thus.

a computer program product in which a computer program
1s stored, which 1s configured to implement a method
according to the invention.

The understanding on which the present invention 1s based
1s that most systems have characteristic, system-inherent
operating characteristics which allow conclusions to be
drawn about the characteristics and the condition of the
respective systems. For example, oscillations 1n a system or
component or the temperature thereol can be measured at
more or less regular intervals. The 1dea 1s that the measured
data collected thus 1s an indication of the condition and the
characteristics of the mmvestigated system or of the corre-
sponding component. With a suitable interpretation of this
measured data, conclusions can thus be drawn about the
change i1n the characteristics and in the condition of this
system or component. In particular under the premise that the
condition of a system or component will deteriorate rather
than improve as the service life thereof increases, it 1s possible
to come to conclusions about the momentary condition of the
system or component while drawing on additional assump-
tions and using a suitably obtained decision tree.

The present invention makes 1t possible to provide an auto-
mated condition monitoring for components and systems to
be examined, particularly within an aircrait, without any par-
ticular knowledge of mathematical correlations. For this pur-
pose, measured data 1s analysed using an analysis model. For
this analysis model, 1t 1s unnecessary 1n some manner to have
a precise knowledge of the nature of the article to be exam-
ined, for example the physical characteristics or construction
thereot, and the like. A suitably selected decision tree 1s used
for the condition monitoring, which decision tree 1s provided
for the classification of the data required for analysis and
evaluation. It 1s then possible to provide optimised data by
means of a suitable learning or training concept which 1s
applied to the decision tree. It 1s thus possible to carry out an
adapted condition monitoring which already considers the
dynamic behaviour of the system or component to be mnves-
tigated.

By means of the method according to the mvention for
condition monitoring, 1t 1s advantageously possible to estab-
lish maintenance intervals such that they are adapted to the
actual respective conditions of the system or component
which 1s examined. In particular, this prevents unnecessary
maintenance work being carried out, which results 1n signifi-
cant cost savings. Conversely, 1t also means that maintenance
work which 1s necessary will be carried out. This enhances the
respective comiort for the passengers.

Suitably selected decision trees are an essential part of the
invention. Decision trees are tabulated directional trees which
are used to depict decision rules. They hierarchically 1llus-
trate successive decisions and are a method for the automatic
classification of data objects and thus for the solution of
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4

decision problems. A decision tree always consists of a root
node which serves as an input node for an input vector, any
number of mner nodes as well as at least two leaves. In this
respect, each node represents a logical rule which 1s called an
attribute. Assigned to an attribute 1s a characteristic which 1s
associated with a respective node of the decision tree and
which thus generally functions as a feature, a characteristic or
an information detail of the node. A leal corresponds to the
classification. Each leal contains a response to a complex
decision problem which 1s also called a classification. More
or less complex classification functions are thus assigned to
the leaves. A great advantage of decision trees 1s that they can
be easily explained and understood. This enables the user to
evaluate the result and to recognise key attributes. This 1s
particularly useful when fundamental characteristics of the
data are not known from the start. Thus, the induction of
decision trees 1s also an important data miming method. Data
mining 1s understood as meaning the systematic application
of methods, which for the most part have a statistical-math-
ematical basis, to a database with the objective of recognising
patterns or trends therein.

In order to read off a classification of an individual data
object on the decision tree, a path 1s taken downwards from
the rootnode along the decision tree. An attribute 1s queried at
cach node and a decision 1s made about the choice of the
following node. This procedure 1s continued until a leaf 1s
reached. The particular advantage of the present invention 1s
that in addition to the mere query, the respective responses are
also weighted. In this manner, a plurality of results, 1.e. a
plurality of classifications which, unlike previous decision
trees, also state the probabilities of the various possible
results 1s obtained at the output, 1.e. at the leaves, of the
decision tree. Specifically, probabilities of various possible
results are output onto an input vector as the result of a
decision tree.

In this manner, it 1s possible to implement a condition
monitoring of the air-conditioning system, 1n which a reli-
ability of the result 1s also output to a certain extent. In
addition to a pure result whether or not the air conditioning 1s
still operational, a relationship of this result with other pos-
sible results of the decision tree 1s also produced.

Advantageous configurations and developments of the
invention are provided in the further subclaims and 1n the
description with reference to the figures of the drawings.

In a typical configuration, the weighting of the connections
between the nodes of the decision tree 1s defined such that
they constitute an indication of the distance of the value of a
respective attribute from the input vector.

In a preferred configuration, the data signal 1s determined
by a continuous-time or discrete-time measurement of a
physical variable at the component or system. In this respect,
the measured data signal can be determined by measuring an
oscillation, for example a mechanical oscillation (vibration)
or an acoustic oscillation (noise). The method according to
the invention can be used particularly preferably 1n a system
which 1s configured as an air-conditioning system 1n an air-
craft or spacecralt and 1n which an oscillation (vibration or
noise) generated by the air-conditioning system, for example,
1s measured as the investigated physical parameter. This 1s
particularly advantageous because oscillations of this type
typically change only very slowly, for example 1n the case of
a recirculation filter which becomes increasingly soiled. This
change can be simply and reliably detected by a condition
monitoring which 1s carried out at regular intervals. If, for
example, an element of the air-conditioning system, such as
the recirculation filter or the fan 1s faulty, this 1s expressed, for
example, as an increase 1n the vibration which can thus be
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measured and evaluated as an indication of the condition of
this system. However, the invention 1s not restricted to the
measurement and evaluation of a physical parameter config-
ured as oscillations, but can also be extended, for example, to
other physical parameters, such as temperature, weight, EMV
radiation, electric currents and voltages, etc.

In a preferred configuration, the data signal 1s pre-pro-
cessed to generate the mput vector. During this pre-process-
ing, the data signal can be divided into predetermined time
periods, for example. Furthermore, a continuous-time
sequence of discrete-time data points can be determined from
the data signal, for example by sampling. This measure 1s
based on the understanding that in order to generate an input
vector, the entire data signal does not necessarily have to be
used, but 1t 1s often suificient to merely use a predetermined
time period and for example within this predetermined time
period, to use only individual discrete-time data points. This
significantly reduces the complexity of the analysis and
evaluation of the data signal and thus the complexity 1n gen-
crating the input vector. A stronger or less strong noise signal
1s typically superimposed on a measured data signal, depend-
ing on the measuring method or signal source. In the context
of the pre-processing, 1t would also be advantageous for this
superimposed noise signal to be at least reduced and, 1deally,
completely eliminated. This noise reduction 1s possible, for
example, 1n a very simple manner by transforming the data
signal ito the frequency range, for example by an FF'T trans-
formation, and by filtering out the frequency bands represent-
ing the noise in the frequency range. Reducing or eliminating
the noise signal superimposed on the data signal provides a
better quality of the generated input vector and thus also a
better quality of the condition monitoring. Finally, it would
also be possible for the measured data signal to be trans-
formed 1nto the frequency range, for example by FF'T trans-
formation, to be further analysed there. In the frequency
range, particular characteristics of the data signal can be
determined and used to generate the input vector, which char-
acteristics cannot be recognised, for example, from the data
signal analysed 1n the time range.

In a typical configuration, mean values, maximum values,
mimmum values, gradients and/or turning points of the data
signal are determined during the pre-processing of the data
signal 1n the time range for the entire data signal and/or for at
least one predetermined time period of the data signal. In this
manner, additional information 1s obtained which 1s inherent
in the measured data signal and which particularly character-
1ses the data signal and thus the physical variable to be deter-
mined.

In a configuration which 1s also particularly preferred, an
average Irequency, a maximum frequency, a minimum fre-
quency and/or a number of frequency peaks are determined
during the pre-processing of the data signal 1n the frequency
range for the entire frequency signal and/or only for prede-
termined frequency blocks of the frequency signal. The num-
ber of frequency peaks can be measured for one or more
frequency blocks or, for example, also for the entire fre-
quency signal.

Due to the mentioned evaluation of the data signal in the
time range and/or in the frequency range, additional informa-
tion can be generated from the data signal, which information
1s an 1ndication of the measured data signal and thus of the
physical variable to be mvestigated. The present invention 1s
based on the understanding that the entire measured data
signal and additional information which may be obtained
therefrom does not necessarily have to be used for the condi-
tion monitoring of a component or system. Instead, 1t often
suifices to use a few, for example characteristic properties of
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the component or system to be investigated. For this reason, in
a particularly preferred configuration, during the pre-process-
ing of the data signal, the data content of the data signal 1s
reduced. A data-reduced sequence ol data points obtained
from this reduction of the data content and/or other data
information obtained during the pre-processing of the data
signal can then be used to generate the mput vector for the
decision tree. This generally reduces the complexity of the
analysis and evaluation of the data and thus reduces the com-
plexity of the condition monitoring.

In a typical configuration, a feature vector 1s mnitially cal-
culated for the provision of an optimised decision tree. Train-
ing data and a set of parameters are provided for the calcula-
tion of the feature vector.

The set of parameters preferably contains parameters
required for generating the feature vector, and particularly
contains at least one of the following parameters:

number of maximum, minimum and/or mean values of the

measured data signal in the time range and/or in the
frequency range;

length of a data portion used for the analysis;

number of data points obtained by sampling within a data

portion;

number and width of the frequency blocks for a predeter-

mined time period of the measured data signal;

number of frequency peaks (1.e. frequencies which exceed

a predetermined limiting value) within a frequency
block or the entire frequency signal,

extent of the noise suppression.

In addition or alternatively, 1t would of course also be
possible to use other parameters for the predetermined set of
parameters, such as turning points and gradients of a prede-
termined portion of a measured data signal, an admissible
error resulting during the calculation, correction values and

the like.

In a preferred configuration, a physical variable of the
component or system to be mvestigated 1s measured for the
provision of the training data. A predetermined number of
data points can then be generated by sampling from the mea-
sured data signal, determined thus, for example for a prede-

termined time period. By selecting a predetermined number
of data points from these sampled data points, 1t 1s then
possible to form the time-dependent sequence of data points
which form the time-dependent sequence of data points
required to generate the feature vector.

Random values are preferably established as the set of
parameters at the beginning, 1.e. at the start of the determina-
tion of the feature vector provided to generate a decision tree.
Using the training data and the set of parameters, starting,
from the random values, an increasingly optimised decision
tree 1s then calculated 1teratively until an error 1n the decision
tree falls below a predetermined threshold value. Thus in
particular, a set of parameters 1s optimised until a stable value
1s produced. A stable value can be present when, for example,
the set of parameters does not change any more. It 1s then
assumed that this determined and thereby optimised set of
parameters 1s optimised based on the decision tree and on the
training data which 1s used. The set of parameters typically
changes during each iteration of the optimisation, the change
typically becoming smaller as the iteration increases. The
break-off criterion, at which the iteration for determining the
optimised set of parameters 1s concluded depends on the
respectively selected break-off criteria. For example, the
greatest accuracy in the used optimisation algorithm can also
be provided as the break-oif criterion. Typically but not nec-




US 9,321,543 B2

7

essarily, a genetic algorithm 1s used as the optimisation algo-
rithm. This can be implemented very easily and has compara-
tively very good results.

In an advantageous configuration, the decision tree 1s cal-
culated using an I1D3 (Iterative Dichotomiser 3) algorithm or
C4.5 algornthm, the optimised feature vector, calculated dur-
ing the optimisation of the set of parameters, being provided
as the input vector. In addition to these algorithms, 1t would
also bepossible touse a CART (Classification and Regression
Trees) algorithm or CHAID (Chi-square Automatic Interac-
tion Detectors ) algorithm. The ID3 algorithm 1s used when, in
the case of a large amount of data, many different attributes
are significant and thus a decision tree 1s to be generated
without a great amount of calculation. The structure of the
decision trees generated from an I1D3 algorithm 1s for the most
part very simple. In the case of a CART algorithm, only
binary decision trees can be generated, 1.e. precisely two
branches are always present at each ramification. Thus, the
central element of the CART algorithm 1s finding an optimum
binary division. The C4.5 algorithm behaves very similarly to
the CART algorithm, a binary division not having to be made
in the C4.5 algorithm, but any number of ramifications can be
incorporated, which 1s very advantageous for many uses.
Consequently, the decision tree of the C4.5 algorithm 1s
broader, but 1s also generally not as low. For this, after the first
classification, the following splits become less significant.
Unlike other algorithms, in the case of the CHAID algorithm,
growth of the decision tree 1s stopped before the tree has
become too large.

After the decision tree has been generated, 1t 1s preferably
trained by 1teration using learning data provided specifically
for this purpose. "

T'his learning or training phase of the deci-
s1on tree does not have to be provided, but 1s advantageous. In
principle, the learning data can have an appropriate syntax
like the training data, in other words a number of data points
can likewise be used as learning data, which data points have
been determined, for example, by measurement or 1n another
manner and contain a time-dependent sequence of data
points.

In a preferred configuration, the device according to the
invention 1s configured as an electronic measuring box and 1n
particular as a temperature and/or oscillation measuring box.
This electronic measuring box has an interface by which the
measuring box can be attached to the component or system to
be mnvestigated. Thus, via the electronic measuring box, the
datarespectively required for the trend prediction and thus the
corresponding physical variable to be measured can be deter-
mined by direct or indirect measurement. If temperature 1s to
be measured, the electronic measuring box has, for example,
a sensor which 1s configured as a temperature sensor and
detects the temperature of the component or system to be
investigated. If a vibration or another oscillation 1s to be
measured, appropriate vibration or oscillation sensors are
provided.

The above configurations and developments can be com-
bined with one another 1n any manner, 1f appropriate. Further
possible configurations, developments and implementations
of the invention 1nclude previous combinations which have
not been explicitly mentioned or features of the immvention
which are described 1n the following with respect to the
embodiments. In particular, a person skilled in the art will
also add individual aspects as improvements or additions to
the respective basic form of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following, the present invention will be described in
more detail with reference to the embodiments represented in
the schematic figures of the drawings, 1n which:
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FIG. 1: 1s a flow chart to illustrate the course of a first,
general embodiment of the method according to the mven-
tion;

FI1G. 2: 1s a flow chart to illustrate the course of a second,
preferred embodiment of the method according to the inven-
tion;

FIG. 3: 1s a block diagram of a device according to the
invention.

The appended drawings are to provide a further under-
standing of the embodiments of the invention. They 1llustrate
embodiments and, 1n connection with the description, serve
to explain principles and concepts of the invention. Other
embodiments and many of the mentioned advantages are
revealed with regard to the drawings. The elements of the
drawings have not necessarily been shown true to scale rela-
tive to one another.

In the figures of the drawings, the same, functionally 1den-
tical and 1dentically operating elements, features and compo-
nents have been provided 1in each case with the same reference
numerals, unless indicated otherwise.

1]
=T

ERRED

DETAILED DESCRIPTION OF THE PR.
EMBODIMENTS

FI1G. 1 shows a flow chart to 1llustrate the course of a first,
general embodiment of the method according to the mven-
tion.

The method according to the invention 1s a computer-
implemented method for the condition monitoring of a com-
ponent or system. It 1s assumed that the system 1s an air-
conditioning system 1n an aircrait. The condition of the air-
conditioning system 1s to be derived using an oscillating
vibration which 1s generated by the air-conditioning system
and 1s measured and evaluated accordingly.

At S1, an optimised decision tree 1s mitially provided. The
generation of the optimised decision tree will be described 1n
more detail 1n the following with reference to FI1G. 2. Input
into the mput or root node 1s a suitably selected input vector
which 1s dertved from a measured data signal and has various
discrete data points characterising the input signal. The nodes
ol the decision tree denote the attributes of the input node, for
example the data points of a respective input vector. The
leaves each represent a classification. The distinctive feature
of the optimised decision tree which 1s used 1s that here, the
connections between the nodes of the decision tree are also
weilghted.

A particularly significant aspect in the optimised and
weilghted decision tree 1s that here all the connections (or also
for example only the connections of the top hierarchy stage)
between the nodes of the decision tree denote the distance of
the value of an attribute of a node of the decision tree from the
input vector. In this manner, 1n contrast to previous solutions
in which only binary statements were made while passing
through the decision tree, probabilities can be provided in the
continuous path of the decision tree. Consequently, the output
result 1s more reliable.

At S2, an mput vector is initially provided. The input vector
1s dertved from a measured data signal or from a data signal
which 1s possibly also provided in another manner. It 1s
assumed that the data signal 1s a vibration measured at the
air-conditioning system. In this respect, the input data for the
decision tree can be data points derived from the data signal,
as also used, for example, for the generation of the feature
vector to generate the decision tree. The mput data for the
decision tree can also be suitably pre-processed, for example,
in that only a few values which characterise the measured data
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signal are used. The generation of the input vector will also be
described 1n more detail in the following with reference to
FIG. 2.

The actual condition monitoring then takes place at S3.
During condition momtoring, the condition of the air-condi-
tioming system 1s determined based on the measured vibration
signal using the weighted and optimised decision tree. For
this purpose, the mput vector determined at S2 1s mput nto
the decision tree. By means of the weighted decision tree, 1t 1s
then possible to determine an additional 1tem of information
in addition to an 1tem of information concerning which of the
classification functions of the decision tree best corresponds
to the input vector which has been introduced. Furthermore,
this additional item of information shows the probability with
which the other classification functions of the decision tree
correspond to the mput vector. This information about the
respective probabilities can be read at the output of the deci-
sion tree. In this manner, 1t 1s possible to realise a significantly
more reliable condition monitoring, which 1s particularly
optimised in terms ol information, of the air-conditioning
system. This calculation takes place 1n a fully automated
manner.

The condition of a component or system 1n the aircraft can
be monitored in situ, 1.e. during operation of the aircraft, and
also continuously. However, this 1s not necessarily required,
since the conditions of the corresponding systems and com-
ponents, for example of the air-conditioning system in the
aircraft, typically do not change very dynamically and fur-
thermore no appropriate maintenance measures can generally
be carried out during the flight. For this reason, 1t 1s sensible
to only carry out this condition monitoring at regular time
intervals. For example, 1t can be provided that this condition
monitoring 1s only carried out at the start of a flight and/or
during a flight. If this condition monitoring shows that the
condition of, for example, the mvestigated air-conditioning
system 1s no longer satistactory, the appropriate maintenance
measures can be taken immediately at the end of the tlight.
The particular advantage 1s that this finding 1s already known
betore the start of the next tlight or during the flight, so that 1t
can already be announced 1n advance for the next immobili-
sation time that the necessary maintenance work needs to be
carried out. In particular, 1t would be possible here for the
corresponding device for condition monitoring to have a spe-
cifically provided air intertace by which a central installation
of the aircraft operator 1s provided with the information that
maintenance has been requested. The aircraft operator can
then 1nitiate the appropriate measures 1n advance, 1.e. before
the aircraft lands, 1t for example can make available the repair
tools and replacement parts required for the maintenance
work. This obviates the need for complex analysis methods
during the short immobilisation times of the aircrait between
landing and take-off.

FIG. 2 shows a flow chart to illustrate the course of a
second, preferred embodiment of the method according to the
invention.

At S11, a set of starting parameters 1s 1nitially generated
which 1s provided for the analysis of the measured data signal
or of data derived therefrom. Different parameters which can
influence the generation of the decision tree can be used for
the set of starting parameters. These parameters are typically
established by the user. The parameters associated with the
set of parameters can be, for example:

mean values or maximum values of the measured data

signal 1n the time range and/or frequency range;

the factor provided for the noise suppression, 1.e. the extent

of the noise suppression applied to the measured data
signal;
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thresholds for the detection of frequency peaks of the data
signal transformed 1nto the frequency range;

number of frequency peaks (1.e. overstepping of the limait-
ing value) of the data signal 1n the frequency range;

number and length of frequency blocks of the data signal
transformed 1nto the frequency range.

In addition to these parameters, further parameters can
naturally also occur such as the number of data points, pro-
vided for the training of the decision tree, of a sequence of
data, the number and type of the classification functions used
in the decision tree for classification, and the like.

At S11, the mitial values of the parameters of the set of
starting parameters can imitially be selected as desired, for
example, by randomly setting the values of the respective
parameters. These parameter values are continuously opti-
mised 1n a subsequent process, to be described later on, using
a suitable optimisation algorithm.

At S12, one or more sequences of data points are mnitially
provided. The sequence of data points can be generated, for
example by measuring a physical quantity, in the present case
the vibration for example. If the measured data signal 1s
present as a continuous-time analogue data measurement sig-
nal, the various data points for generating the time-dependent
sequence of data points can be generated, for example, by
sampling the measured data signal. The data points obtained
in this way are thus present 1n a discrete form.

At S13, the continuous-time data points generated thus are
subjected to a data analysis together with the set of parameters
which has been provided at S11 and has the iitial random
parameter values. In the course of this data analysis, one or
more of the following analytical steps can be carried out
based on the selected (optionally optimised) set of param-
eters:

the maximum, minimum and/or mean values can be calcu-
lated for the sequence of the data points.

The sequence of the data points can be transformed 1nto the
frequency range by Fourner transformation. The maxi-
mum, minimum and/or mean values can then also be
calculated for the data series transformed thus.

Furthermore, 1t 1s possible to divide the data series in the
frequency range into segments (so-called frequency
blocks). The respective maximum, mimimum and/or
mean values can also be calculated for these segments.

If the data series has been divided into segments in the
frequency range, it 1s also possible to transform these
segments back again into the time range. The maximum,
minimum and/or mean values can then be determined n
the time range for the segments which have been trans-
formed back.

In addition to the maximum, minimum and/or mean val-
ues, the frequency peaks for the entire data series or for
only one, a plurality of segments or all the segments can
also be calculated in the frequency range. The term
“frequency peaks™ 1s understood as meaning the number
of values 1n the frequency range which exceed a specific
limiting value. This limiting value 1s determined, for
example, by the set of parameters which 1s used.

At S14, the fundamental set of parameters 1s optimised
using the sequence, determined thus, of features. In this opti-
misation, 1t 1s possible for known optimisation algorithms, for
example a genetic algorithm, to be used.

Genetic algorithms of this type denote algorithms which
can also deal with non-analytically resolvable problems 1n
that they repeatedly generate different solution proposals. In
these repeated solution proposals, 1.¢. the optimisation steps,
they change the respective 1items of input data and combine
them with one another to achieve a readout. Determined as
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items of output data are solution proposals for the subse-
quently used 1nput data which comply 1n an ever improving
manner with the requirements made as the 1teration and opti-
misation increases. Genetic algorithms of this type are heu-
ristic optimisation methods, belonging to evolutionary algo-
rithms. They are used 1n particular for problems for which a
closed solution cannot be calculated or cannot be calculated
cificiently. Instead of genetic algorithms, a memetic algo-
rithm would be possible for optimisation. However, genetic
algorithms are the simplest evolutionary optimisation meth-
ods which can also be implemented very quickly and can be
adapted to new problems.

During each iteration, a so-called feature vector 1s gener-
ated which, based on the data points, contains an i1tem of
classification information as well as corresponding optimised
parameter values of the set of parameters. This feature vector
typically changes during each iteration and thus during each
optimisation step. With an increasing iteration and thus with
an increasing run through the optimisation S14, optimised
classification information, 1.e. an optimised classification, as
well as optimised parameter values of the set of parameters
are produced for the imitially selected data points within the
data portion.

This optimisation algorithm S14 i1s carried out until a
break-off criterion 1s reached. As the break-oif criterion at
S15, 1t can be provided, for example, that the optimisation-
generated parameters of the set of parameters as well as the
determined classification have reached a stable value which,
for example, no longer changes their value. It would also be
possible for a calculated error to fall below a specific prede-
termined value. The break-off criterion typically also
depends on the optimisation algorithm which 1s used. For
example, 1t can be provided within the optimisation algorithm
that a maximum accuracy 1s desired. If this maximum accu-
racy 1s achieved during optimisation, the break-oil of the
optimisation can be established.

Then, at S16, the decision tree 1s generated 1 a known
manner. An algorithm known per se, for example the 1D3
algorithm or C4.5 algorithm, 1s used to generate the decision
tree. To generate the decision tree, the optimised feature vec-
tor, generated at S14, 1s used which thus contains respective
classification information and a correspondingly optimised
set of parameters for the imitially used sequence of data
points. A decision tree 1s thus generated, the leaves of which
contain a classification function. The nodes of the decision
tree contain the attributes of the feature vector, 1.e. the infor-
mation which 1s derived from the data points of the data
portion to be examined.

At 517, the decision tree generated thus can be trained
using learning or test data. In thus manner, the generated
decision tree can be further refined and optimised.

Thereafter, at S18, the thus optimised decision tree 1s
welghted 1n a suitable manner. During the weighting of the
decision tree, the connections between the various nodes of
the decision tree are provided with a weighting factor. As a
result, 1n addition to receiving the attributes which are asso-
ciated with the various nodes and the respective classifica-
tions stored 1n the leaves, the decision tree also receives an
additional item of information which states the extent to
which the adopted path 1n the connection deviates from the
decision which has been made. In this way, a so-called fuzzy
classification method 1s provided which 1s based on the theory
of fuzzy sets, 1.e. based on a fuzzy logic. By means of a
welghted decision tree ol this type, 1t 1s thus possible to output
a number of different results instead of a single result which
corresponds best to an output-side classification. In this
respect, each result associated with a respective weighting of
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the decision tree contains an additional item of information
stating the probability with which the output result corre-
sponds to the associated classification.

In the present embodiment, this weighting of the decision
tree 1s carried out after the generation, optimisation and the
optional learning process of the decision tree. However, i1t
would also be possible for the weighting to be carried out in
the creation phase of the decision tree, for example during

516.

Thereatter, the actual condition monitoring S19 of the air-
conditioning system 1s carried out. An optimised and
weighted decision tree, as established at S18 for example, 1s
used for this condition monitoring. A sequence of data points
which form a data portion 1s provided here as the input vector
for the decision tree.

The data portion used for condition monitoring 1s calcu-
lated at S20 previously. For this purpose, a physical variable
1s measured, for example a vibration of the air-conditioning
system of the aircraft. This measured data signal 1s sampled to
establish therefrom data measuring points which are used for
condition monitoring. A predetermined number of data points
established 1n this way form the mput vector which 1s mput
into the optimised and weighted decision tree at S19 for the
purpose of condition monitoring.

In addition, a turther data pre-processing S21 can also be
provided. This further pre-processing can be used to obtain
turther additional information from the measured data signal.
This additional information can be used 1n addition to or as an
alternative to the measured data signal to determine the 1nput
vector for the decision tree.

In the pre-processing S21 of the measured data signal, a
method for noise reduction and, 1deally, for noise suppression
1s typically used to at least reduce a noise signal which 1s
superimposed on the measured data signal. In addition, fur-
ther information can be ascertained from the data signal, such
as 1n the time range the calculation of a mean value, minimum
values, maximum values, gradients, turming points and the
like. In addition, 1t would also be possible to divide the mea-
sured data signal into a plurality of time segments of a pre-
determined duration and to determine the above-mentioned
information merely within a time segment of this type.

In the pre-processing S21, the measured data signal can
also be transformed into the frequency range, for example
using an FFT, 1 order to dertve therefrom corresponding
frequency peaks, mean values, maximum values, minimum
values of the frequency and the like. Furthermore, the data
signal transformed into the frequency range can also be
divided 1nto corresponding frequency blocks of the same or a
different length to determine the corresponding frequency
information only within the frequency blocks. Overall, addi-
tional characteristics and parameters inherent 1n the data sig-
nal which are characteristic of the data signal can be deter-
mined during the pre-processing.

To provide the iput vector, the measured data signal 1s
sampled to determine corresponding data points. The input
vector which 1s mput into the optimised and weighted deci-
s10n tree can be generated from these data points. This input
vector can additionally or alternatively also be formed by the
mentioned additional information dertved from the measured
data signal. It has been found to be particularly advantageous
for the generation of the input vector if only those values are
used which are particularly characteristic of the measured
input signal. These are not necessarily the data points
obtained by sampling, but instead very often the correspond-
ing maximum, minimum and mean values or corresponding
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gradients. These data very effectively represent the charac-
teristics of the input signal and thus the air-conditioning sys-
tem to be monitored.

During the condition monitoring at S19, the input vector,
obtained at S20 and/or S21 1s coupled into the optimised and
weilghted decision tree. Starting therefrom, the decision tree
establishes at 1ts output a probability for each leaf of the
decision tree, 1.€. for each classification. Thus, a result stating
a probability with which the result corresponds to the respec-
tive classification 1s delivered at the output of the decision
tree. In previous unweighted decision trees, only a single
result was output which was associated with only a single
classification. In the weighted decision tree according to the
invention, probabilities for all possible results are now also
output. This 1s particularly advantageous when several prob-
able results are present. With previous solutions, it was
impossible to determine whether and to what extent there
were any further probable results. This 1s now possible by the
method according to the invention.

At S22, the results obtained using the weighted decision
tree, 1.e. the results associated with the various classifications
together with their probabilities are evaluated. Therefore, the
method according to the mvention allows conclusions to be
drawn about the condition of the air-conditioning system.

Specifically, it can be provided, for example, that the deter-
mined vibration values of the measured oscillation are com-
pared with a predetermined vibration threshold. In addition,
the truth content of the result 1s verified by the method accord-
ing to the invention. If the vibration determined by condition
monitoring exceeds, for example, an application-based pre-
determined vibration threshold, it can be concluded that there
1s a fault in the air-conditioning system, for example due to a
malfunctioning recirculation filter or a defective fan, or it can
at least be concluded that the condition of these components
1s deteriorating. Since the extent to which the determined
measured data 1s correct 1s now also known as additional
information, which 1s possible due to the probabilities deter-
mined by the weighting of the decision tree, 1t can also be
learnt from this whether, to what extent and possibly when the
air-conditioning system has to undergo the next maintenance
procedure. In this manner, it 1s very advantageously possible
to recognise very early on the necessity for upcoming main-
tenance work and to thus imitiate the appropriate steps at a
very early stage. In particular, 1t 1s possible to determine very
carly on, for example before the start of the next departure of
the aircraft or, if approprate during the flight but preferably a
tew days beforechand, when the next maintenance procedure
1s required. In particular, this reduces the period of time
necessary for servicing and maintenance, since 1t 1s possible
to dispense with a time-consuming in-situ analysis. This
analysis has already been concluded in a simple and fully
automated manner by the condition monitoring according to
the mnvention, so that during the immobilisation times of an
aircrait, only maintenance work has to be carried out and not
the corresponding analysis.

FIG. 3 shows a block diagram of a device according to the
invention. The device according to the invention, denoted
here by reference numeral 10, 1s a measuring box for deter-
mimng and evaluating the vibrating oscillations of a compo-
nent or system of an aircrait. In the present embodiment, this
system 1s the air-conditioning system 11 of an aircrait.

In the illustrated example, the measuring box 10 according,
to the mvention 1s arranged in direct contact with the air-
conditioning system 11 and here in particular with a vibra-
tion-relevant region of the air-conditioming system 11. The
measuring box 10 according to the invention has a measuring,
device 12, amemory 13 and a logic-arithmetic and evaluation
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device 14. In the 1llustrated example, the measuring device 12
1s configured as a vibration sensor. This vibration sensor 12 1s
configured to measure a vibrating oscillation 1n the vibration-
relevant region of the conditioning system 11 in order to
determine therelfrom a time-dependent sequence of data
points 1n the previously described manner. This time-depen-
dent sequence of data points can initially be stored 1n a
memory. An optimised and weighted decision tree 1s gener-
ated by the logic-arithmetic and evaluation device 14, for
example using a method described with reference to FIGS. 1
and 2. Furthermore, using the logic-arithmetic and evaluation
device 14 and on the basis of the decision tree generated thus,
it 1s possible for a condition monitoring to be carried out 1n
respect of the time-dependent sequence of data points, deter-
mined by the measuring device 12.

In further embodiments, the system of an aircrait can be a
further component of an aircraft, for example an electrical
component ol an aircrait or a mechanical component of an
aircrait.

If the system of an aircraft 1s configured as an electrical
component of an aircraft, said component can be configured
as, for example, an electric motor, another electrical actuator,
an electric sensor, an electric control device, an electric com-
ponent of the aircraft control, an electric cockpit instrument
or the like.

In an embodiment of this type, the measuring box 10 can
have a measuring device 12 which 1s configured as a sensor,
for example, and 1s configured to measure an electric current
consumed by the respective component, to measure an elec-
tric supply voltage, a temperature or other electric variables.
If the electric component 1s configured as an electric motor,
the sensor 12 can also be configured to measure a rotation, a
torque or the like at the rotor axis of the electric motor.

If the system of an aircrait 1s configured as a mechanical
component of an aircraft, said component can be configured
as, for example, an electric motor, a turbine, a mechanical
actuator, a control surface of the aircraft, for example a rud-
der, an elevator, an aileron or a landing flap or the like.

In an embodiment of this type, the measuring box 10 can
have a measuring device 12 which 1s configured as a sensor,
for example, and 1s configured to measure an acceleration, a
vibration, a movement, for example a translation or a rotation,
a temperature, a pressure or the like.

In an embodiment of this type, the logic-arithmetic and
evaluation device 14 has at least one interface by which the
logic-arithmetic and evaluation device 14 can pick up data
from the measuring device 12. This interface can be, for
example an analogue interface, a voltage-based or current-
based interface. However, the interface can also be configured
as a digital interface, for example as an SPI, 12C, CAN, LIN
interface or the like.

In an embodiment, the logic-arithmetic and evaluation
device 14 1s configured to generate the starting set of param-
cters 1n a random manner. Finally, the logic-arithmetic and
evaluation device 14 1s configured to generate a decision tree
by means of the starting set of parameters and to optimise the
decision tree on the basis of the series of measurement values
determined by the measuring device 12. During the optimi-
sation of the decision tree, the logic-arithmetic and evaluation
device 14 can use measurement values from the series of
measurement values to control the quality of the decision tree.

To monitor a component of an aircraft, the logic-arithmetic
and evaluation device 14 continuously acquires measurement
values from at least one measuring device 12 and generates
from these measurement values a series of measurements. In
this respect, the length of the series of measurements can be
predetermined or can vary. In an embodiment, the series of
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measurements can then be directly used as an input vector of
the decision tree. In a further embodiment, the logic-arith-
metic and evaluation device 14 can extract particular features
of the series of measurements and can use these extracted
features as an input vector for the decision tree.

These features can be, for example, mean values or maxi-
mum values of the measured value of the series of measure-
ments in the time range and/or frequency range, the number of
frequency peaks (1.e. overstepping of threshold values) of the
series of measurements in the frequency range, the number
and length of the frequency blocks of the data signal trans-
formed 1nto the frequency range, or the like.

Thereupon, the logic-arithmetic and evaluation device 14
runs through the decision tree which, 1n an embodiment,
provides a classification function and a probability of the
applicability of the classification function. In an embodiment,
the logic-arithmetic and evaluation device 14 also extracts the
probabilities with which the further classification functions
stated 1n the decision tree could apply.

Although the present invention has been entirely described
above with reference to preferred embodiments, it 1s not
restricted thereto, but can be modified in many different ways.

Thus, the present mmvention 1s not necessarily to be
restricted to use 1n an aircrait or spacecraft, although the
invention 1s particularly preferably used in the case of pas-
senger aircrait. It 1s particularly advantageous in passenger
aircralt in order to be able to effectively use the short immo-
bilisation times between landing and take-oif for mainte-
nance work. However, 1t goes without saying that the present
invention can naturally also be employed for other uses, for
example 1n boats, buses, trains and the like. In particular, the
present invention would also be particularly preferred espe-
cially when used 1n automotive engineering.

Furthermore, the invention does not necessarily have to be
used for condition monitoring of data points obtained from
vibration measurement. In addition to vibration or the corre-
sponding oscillations as a physical variable for condition
monitoring, 1t would also be possible to use other measure-
ment parameters, such as acoustic oscillations (noise), tem-
perature and the like.

In addition to the mentioned algorithms for generating the
decision tree or for optimising data, other algorithms could
naturally also be used 1n an advantageous manner.

Moreover, 1t goes without saying that the stated numerical
information 1s merely to provide a clearer understanding of
the invention, without thereby restricting it.

It also goes without saying that 1in the above embodiments,
only preferred embodiments have been described which,
however, can be varied or modified 1n a diverse manner. For
example, 1n the preferred method for condition monitoring
which has been described above with reference to FIG. 2, 1t
would also be possible to dispense with various steps, such as
break-off conditions or break-off steps, learning or training,
steps and the like. Likewise, 1t would be possible to add
turther steps or to change the sequence of method steps.

As 1s apparent from the foregoing specification, the inven-
tion 1s susceptible of being embodied with various alterations
and modifications which may differ particularly from those
that have been described in the preceding specification and
description. It should be understood that I wish to embody
within the scope of the patent warranted hereon all such
modifications as reasonably and properly come within the
scope of my contribution to the art.

The mvention claimed 1s:
1. A computer-implemented method for monitoring a com-
ponent or system of an aircraft or spacecrait, comprising:
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generating an optimized decision tree, using the computer,
nodes of which contain attributes of a respective input
vector, leaves of which each contains a classification
function and associated connections of which between
the nodes of the decision tree are weighted;

providing the input vector which 1s dertved from a data
signal recerved from a sensor that monitors the compo-
nent or system of the aircraft or spacecraft;

storing the data signal received from the sensor i a
memory for subsequent retrieval for evaluation;

implementing a condition monitoring, using the computer,
based on the evaluation of the data signal stored in the
memory, in which a condition of the component or sys-
tem 1s determined using the weighted decision tree and
on the basis of the attributes of the input vector, 1n that an
item of information concerning which of the classifica-
tion functions of the decision tree best corresponds to the
iput vector based on the weighted decision tree, is
calculated and output;

calculating, using the computer, a probability of an appli-
cability of the corresponding classification function for
cach leaf of the weighted decision tree; and

delivering, using the computer, a result stating the prob-
ability at an output of the weighted decision tree that
corresponds to the leat of the weighted decision tree,

wherein the data signal 1s determined by at least one of a

continuous-time and discrete-time measurement of a
physical variable at the component or system.

2. The method according to claim 1, wherein a weighting of
the connections between the nodes of the decision tree denote
a distance of a value of the corresponding attribute from the
input vector.

3. The method according to claim 1, wherein the physical
variable measured 1s at least one of an acoustic and a mechani-
cal oscillation.

4. The method according to claim 1, wherein to generate
the input vector, the data signal 1s pre-processed whereby the
data signal 1s divided 1nto predetermined time periods, and at
least one of the steps of:

determiming discrete-time data points by sampling from

the data signal,

reducing a noise signal superimposed on the data signal,

and

transforming the data signal into a frequency range by

transformation.

5. The method according to claim 4, wherein at least one of
a mean value, a maximum value, a mimmum value, a gradient
and turning point of the data signal 1s determined during the
pre-processing of the data signal in at least one of a time range
for the data signal and for at least one time period of the data
signal.

6. The method according to claim 4, wherein at least one of
an average Ifrequency, a maximum Irequency, a minimum
frequency and a number of frequency peaks 1s determined
during the pre-processing of the data signal in the frequency
range for at least one of the frequency signal and predeter-
mined frequency blocks.

7. The method according to claim 4, wherein a data content
1s reduced during the pre-processing of the data signal and
wherein at least one of a reduced-data sequence of the data
points and other data information obtained during the pre-
processing 1s used as the input vector for the decision tree.

8. The method according to claim 1, wherein for the pro-
vision of the optimized decision tree, a feature vector 1s cal-
culated which 1s determined from at least one of training data
and a set of parameters.
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9. The method according to claim 8, wherein the set of
parameters contains parameters which are for a generation of
the feature vector and include at least one of:

a number of maximum, minimum or mean value of the data

signal 1n a time range or 1n a {frequency range;

a length of a data portion used for analysis;

a number of data points obtained by sampling within a data
portion;

a number and width of frequency blocks for a predeter-
mined time period of the data signal;

a number of frequency peaks used within the correspond-
ing frequency block; and

an extent of tea noise suppression.

10. The method according to claim 8, wherein a physical
variable of the component or system to be investigated 1s
measured for a provision of the training data, and a predeter-
mined number of data points 1s generated by sampling from
the data signal, determined thus, for a predetermined time
period, which data points form a time-dependent sequence of
data points to generate the feature vector.

11. The method according to claim 8, wherein random
values are established for the set of parameters and 1n that,
using the training data and the set of parameters, an 1ncreas-
ingly optimized feature vector 1s calculated iteratively until
an error 1n the optimized decision tree falls below a predeter-
mined threshold value.

12. The method according to claim 1, wherein the decision
tree 1s calculated using at least one of an ID3 algorithm and
C4.5 algorithm, the feature vector which 1s calculated and
optimized during the optimization of a set of parameters
being used as the mput vector to determine the decision tree.

13. A device for monitoring of a component or system of an
aircraft or spacecrait, comprising:

a measuring device configured to measure a physical vari-
able at one of the component and system 1n order to
generate a time-dependent sequence of data points of a
data signal, and to provide an input vector dertved from
the data signal received from a sensor that monitors the
component or system of the aircraft or spacecratt;

a memory in which at least one time-dependent sequence
of data points of the data signal 1s stored;

a logic-arithmetic and evaluation device configured to gen-
erate an optimized decision tree using at least one time-
dependent sequence of the data points and to perform a
condition monitoring using the decision tree, nodes of
the decision tree having attributes of the respective input
vector, leaves of the decision tree each having a classi-
fication function and associated connections of which
between the nodes of the decision tree being weighted,

wherein the condition monitoring 1s implemented based on
an evaluation of the data signal stored in the memory, 1n
which a condition of the component or system 1s deter-
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mined using the weighted decision tree and on the basis
of the attributes of the input vector, in that an 1tem of
information concerning which of the classification func-
tions of the decision tree best corresponds to the nput
vector based on the weighted decision tree, and
wherein a probability of an applicability of the correspond-
ing classification function 1s calculated for each leaf of
the weighted decision tree, and a result stating the prob-
ability 1s delivered at an output of the weighted decision

tree that corresponds to the leat of the weighted decision
tree.

14. The device according to claim 13, wherein the device 1s
configured as an electronic oscillation measuring box which
has an interface by which the oscillation measuring box 1s
attached to the component or system to be investigated and
which 1s also configured to pick up, by the measuring device,
oscillations which are transmitted from the component or
system onto the oscillation measuring box and to evaluate the
oscillations by the logic-arithmetic and evaluation device.

15. A non-transitory computer-readable storage medium
with a computer-executable instructions stored thereon,
wherein a microprocessor performs the imstructions to:

generate an optimized decision tree, using the computer,

nodes of which contain attributes of a respective input
vector, leaves of which each contains a classification
function and associated connections of which between
the nodes of the decision tree are weighted;

provide the input vector which 1s derived from a data signal

received from a sensor that monitors the component or
system of the aircraft or spacecratt;

store the data signal recetved from the sensor 1n a memory

for subsequent retrieval for evaluation;

implement a condition monitoring, using the computer,

based on the evaluation of the data signal stored in the
memory, in which a condition of the component or sys-
tem 1s determined using the weighted decision tree and
on the basis of the attributes of the input vector, in that an
item of information concerning which of the classifica-
tion functions of the decision tree best corresponds to the
iput vector based on the weighted decision tree, is
calculated and output;

calculate, using the computer, a probability of an applica-

bility of the corresponding classification function for
cach leaf of the weighted decision tree; and

deliver, using the computer, a result stating the probability

at an output of the weighted decision tree that corre-
sponds to the leaf of the weighted decision tree,

wherein the data signal 1s determined by at least one of a

continuous-time and discrete-time measurement of a
physical variable at the component or system.
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